This analysis documents the process and results of reliability determination of the PhotoMultiplier Tube (PMT) components of the JEM-EUSO telescope under the different radiation sources, UV radiation, Total Ionizing Doses (TIDs), and Single Event Transients. In terms of UV Ionization, the transmittance of the glass of the PMTs during the 5-year duration of the mission is greater than 99.98%, thereby ensuring the desired 20% value for quantum efficiency. Of the 4932 PMTs covering the focal surface of the telescope, we estimate that of order 7 may fail due to TID and about 16 may fail due to SET. Therefore, it can be concluded that around 99% of the PMTs will complete their operation without failure, ensuring the success of the mission as far as TIDs and SETs radiation is concerned. PMTs suffer basically due to high brightness effects, reducing the transmittance of the crystal window. However, the result of this study, taking into account the values produced by the model based on the TID, as well as the darkening of the glass, show similar values in terms of degradation. Therefore, as a preliminary result, it is possible to conclude that the TID model proposed here for PMTs can be "validated".
Introduction
JEM-EUSO [1, 2] is a large imaging telescope designed to study the Ultra-High Energy Cosmic Rays (UHECR) and Extremely High Energy Cosmic Rays (EHECR) at energies above 10 20 eV, as represented by Fig. 1 . Looking downward the Earth from the International Space Station (ISS) it will detect such cosmic ray particles observing the UV light generated by Extensive Air Showers (EAS) which result when the primary cosmic rays interact in the atmosphere . One of the main scientific objectives of this Astroparticle Physics Space Mission is charged particle Astronomy with the aim of extending the measurement of the energy spectra of the cosmic radiation beyond the Greisen-Zatsepin-Kuzmin (GZK) effect [3] , i.e. aiming the detection of trans-GZK EHECR events. Moreover, detection of Extremely High Energy Gamma Rays (EHEGR) and Extremely High Energy Neutrinos (EHEN) are among the primary objectives as well. JEM-EUSO is being designed to operate for 5 years on board the ISS orbiting in a Low Earth Orbit (LEO) at an altitude of about 400 km. As for any mission to be operated in Space, JEM-EUSO must meet specific requirements, including tolerance of high radiation doses, inaccessibility and remote controlled operations. Therefore reliability analysis and radiation hardness assurance is mandatory in order to determine the tolerance and redundancy requirements within the system. This has been stated by Prieto et al. [4] for Field Programmable Gate Arrays (FPGAs), a study also relevant to PMTs.
The design and construction of the JEM-EUSO telescope is a technical challenge. Its development will involve new technologies from the industry and research centers, in areas as diverse as large optical or innovative analog and digital electronics. For instance, accurate Fresnel lenses, a novel technique of highly sensitive photo detection with a highly accurate resolution are currently under prototyping for the implementation in this Space Mission.
Space radiation creates a hostile environment, even in LEO, causing for instance bit-flips and latch-ups in electronics. The radiation assessment of the electronics as well as for PMTs is critical since these are crucial parts of the space telescope. The space radiation environment consists mostly of protons, electrons and a small fraction of heavy ions. The contribution of each component to the radiation environment depends on multiple factors as spacecraft trajectory, lifetime of the mission and solar activity [5] .
The JEM-EUSO telescope will be affected by the three components of the LEO radiation environment; Solar Energetic Particle (SEP) events, Galactic Cosmic Rays (GCR), and the trapped particles in the Earth magnetic field. The ISS is inclined at a 51.61 orbit where half the exposure is from the highly penetrating GCR. This orbit is more susceptible to radiation from SEP [6] . The effects of the space radiation can be placed into three main categories: (a) Total Ionizing Dose (TID), (b) Displacement Damage, (c) Single Event Effect (SEE) which are mainly Single Event Transients (SET) and Single Event Upsets (SEU) [7] .
In terms of PMTs the kind of radiation that affect them the most are background events [8] , these can be induced in a PMT by one of the following mechanisms:
Direct ionization in the cathode or dynode by a particle producing secondary electrons; Fluorescence, or more generally scintillation, in any optical components of the PMT induced as a result of the passage of an incident particle.
Cherenkov radiation generated in any optical component of the PMT by fast charged particles.
TID and SET, although they directly affect semiconductors, can also affect PMTs, since they can be considered as linear circuits. The preliminary results of the assessment of radiation received (TID and SET) by the PMTs, can be used as a sample of what we may expect in Space.
Objectives of the analysis
The main goal of this work is to determine the radiation hardness of the JEM/EUSO PMTs in order to ascertain the reliability for the mission. A photograph of such a PMT is shown in Fig. 2 ). The PMTs are implemented on the focal surface of the space telescope and therefore are critical component of the instrument.
The measure of the PMT reliability determines its failure rates under TID and SET according to the ESA Standard ECSS-E-HB-10-12A, as well as the degradation of its performance during operation (background events).
Radiation hardness assurance
The radiation hardness assurance of PMTs for their qualification requires meeting stringent radiation tolerance levels. Currently the focus of the radiation hardness assurance has mainly been focused on laboratory tests. Therefore, it is of importance to ascertain a probabilistic model to predict the reliability of the PMTs when exposed to the space environment.
The focal surface of JEM-EUSO is a spherical curved surface, of area 4.5 m 2 and it is covered with about 5,000 MAPMTs Hamamatsu R11265-03-M64. The focal surface detector consists of Photo-Detector Modules (PDMs), each of which consists of 9 Elementary Cells (ECs). The EC implements 4 MAPMTs. Therefore, about 1,233 ECs, i.e. 137 PDMs are arranged on the whole focal surface for a total of about 384,000 pixels [9] .
Total ionizing dose radiation hardness assurance model
TID is defined as the amount of energy deposited by the radiation during passage through a material per mass unit. In order to have a measure of radiation dose independently of the target material, TID is usually expressed in equivalent units of radiation dose in Silicon, rad (Si). The components with higher sensitivity to TID are active electronic devices such as transistors and integrated circuits (ICs). Their sensitivity thresholds typically range from 1 krad(Si) to 1 Mrad(Si) depending on the technologies used. Total Ionizing dose degradation in microelectronics results from the buildup of charge in insulating layers, and has a cumulative effect on electronics, resulting in a gradual loss of performance and eventual failure [8] .
Provided that the particle intensity and spectrum do not change significantly while traveling through the material, TID can be determined from the charged particle fluence at the surface of the material, and the electronic stopping power of the particle. This can be expressed as [8] :
where D is the Ionizing Dose, ρ is the mass density of the material, Ω is the solid angle of particle incidence, t e is the exposure time, ψðEÞ is the differential energy spectrum, and (dE/dx) loss is the stopping power in units of energy loss per unit particle path length.
TID for the JEM-EUSO mission was calculated using the Space Environment Information System (SPENVIS) [10] taking into account the orbital parameters of the ISS, shown in Table 1 [11]. Appropriate parameter values for JEM-EUSO were used as input for SPENVIS simulation. The basic parameters for the mission were; the trajectory path, mission duration, and mission Space Segments. According SPENVIS, and taking a 3 mm shielding for JEM-EUSO into account, the main contribution to the dose rate will be due to trapped protons and electrons, for a total dose estimation of 1 krad (Fig. 3) , which leads to conclude that given this type of radiation the shielding is adequate.
The reliability of a PMT under TID may be evaluated, taking into account that the probability of failure is equal to the probability that its TID exceeds its hardness [12] . Then, when a component with a radiation hardness H, received a TID x D the time-dependent reliability R(t) of the component may be calculated by the joint distribution function as:
where x D is the TID received by the PMT in one year; x H is the hardness of PMT (relative to TID); t is the exposure time to the radiation in years; and, f ðx D ; x H ; tÞ is the joint probability distribution function for x D and x H at time, t. LEO refers to orbits in the 100-1,000 km altitude range, which includes Earth-Observing Satellites (EOS). A special case is the International Space Station (ISS) at $ 400 km. The environment in LEO is fairly benign, with a typical dose rate of x D ¼0.1 krad/year. For a mission with a typical duration of 3-5 years, the total dose is o0:5 krad [13] .
A lognormal probability density function is an approximation of the uncertainty of TID at the ISS π D ðx D ; tÞ given by:
where σ D $ 0:4 is the standard deviation of the log-normal distribution in the vicinity of the International Space Station and μ D is the mean of the distribution, given by:
Here μ D is a function of TID mean value, D 0 $ 0:1 krad=year and t is the time in years, which is multiplied by the Duty Cycle of the instrument, in our case 20%. A lognormal distribution also provides a reasonable approximation to the uncertainty in the hardness. Taking the probability density function for PMT hardness as:
with σ H expressed as a function of the coefficient of variation and μ H representing the mean value of the PMT log-hardness with respect to TIDs.
Hence, taking into account a radiation hardness for JEM-EUSO of H R ¼ 10 krad [9] and a coefficient of variation COV $ 0:5, the time dependent joint probability distribution function is given by the products of Eq (4) and (5) given a PMT time-dependent reliability as follows:
integrating with respect to x H RðtÞ ¼ 1 2
R(t), the reliability of the PMTs as a function of time is shown in Fig. 4 . Since the JEM-EUSO mission time is intended to be 5 years Eq (9) indicates the PMTs reliability is around 99.86%. If we assume higher TIDs radiation levels, obviously, the reliability of the PMTs will exhibit a considerable decrease. Taking a look at Fig. 5 , assuming that the radiation is H¼ 6 krad total dose, the reliability range would roughly fall between a maximum of 50% and a minimum of 40% during the first year and the last year of operation respectively.
The estimation obtained by applying the total ionizing dose radiation hardness assurance model provides the reliability for a single PMT. Hence, to determine the reliability of all PMTs that will be used in the JEM-EUSO telescope focal surface, it is necessary to apply the Poisson distribution.This is shown in Fig. 6 . In this case, for a total of 4932 PMTs, 7 7 2.5 are expected to fail. It does suggest that the PMT designed for JEM-EUSO is robust and highly reliable against the influence of TIDs.
Single event effect radiation hardness assurance model
A Single Event Transient (SET) or single event disturb is a momentary voltage spike at a node in a semiconductor. The voltage spike is originally formed by the electric field separation of the charge generated by an ion passing through or near a circuit junction [8] .
Depending the node where it appeares, the spike propagates inside the circuit resulting in several consequences at the component level:
The spike can be absorbed by local RC elements of the circuit and have no impact on the component behavior.
The spike can be propagated up to at least one output of the component.
It can be converted to an Single Event Upset (SEU) when the signal reaches a latch.
Basic mechanism of a SET
A charged particle moving through a semicondutor deposits a fraction of its energy in the medium by ionizing the atoms of the crystal along its path. The amount of energy received by the medium per unit path length is called Linear Energy Transfer (LET).
LET defines the efficiency of the energy transfer and is independent of both the electrical charge and the energy of the particle. It is usually expressed in units of MeV Á cm 2 /mg (energy loss divided by the material density). In space most of heavy ions from cosmic rays produce LETs in Si ranging from 0.01 to 40 MeV cm 2 /mg [15] . In Si devices, a LET corresponds to a charge deposition per unit length of 10 fC/μm. The typical range of deposited charge is from 0.1 to 400 fC/μm.
Single event transient pulse
The statistical SET's width in logic circuits by applying the LET values to the commonly transient current double exponential model is shown below:
where Q coll is the charge in the sensitive region; τ α is the collection time constant, which is a process-dependent property of the junction and τ β is the ion-track establishment time constant, which is relatively independent of the technology. In bulk Si, a typical charge collection depth, δ, is 2 μm for every MeV Á cm 2 /mg and an ionizing particle deposits about 10.8 fC along each micron on its track [16] . Typical values are approximately 1.64 Â 10 À 10 s for τ α and 5 Â 10 À 11 s for τ β .These parameters are summarized in Table 2 . The SET pulse produced by heavy ions in CMOS devices, calculated using transient current double exponential model is shown in Fig. 7 . As can be seen, the highest intensity value is 3 mA and its Full Width Half Maximum (FWHM) $0.2 ns. This is not a negligible current pulse since average anode current is around 0.1 mA. Moreover it could create electromigration effects at the output of the PMT.
Analysis of SET's
The distribution that best describes the event cross-section as a function of LET is the Weibull function. The Weibull function is widely used to fit direct ionization (heavy-ions) SEE cross section data, since it provides great flexibility in fitting the turn-on in the cross section and naturally levels to a plateau or limiting value [17, 18] . The Weibull function is given by:
where all these parameters needed for the cross-section calculation are described in Table 3 . These parameters were taken from a calculation by E.L.Petersen [19] when trying to re-examine the use of the SEU Figure Of Merit for heavy ion upset rate predictions. Moreover, if SET pulse has enough amplitude and duration and coincides with a clock, then an incorrect value is registered and the SET becomes a SEU [20] . These values belong to the device "Bulk CMOS". The reason for specifying this device is the fact that it does cover all CMOS devices taking into account that this approximation is based on the principle that PMT's are similar to ICs, CMOS or FPGAs components. Fig. 8 shows the event cross-section vs LET from 4 to 40 MeV mg
, which is the surface affected by the particle when it crosses the component. According to E.L.Petersen [19] , the total upset rate for a part in a particular orbit can be calculated using its characteristic Figure of Merit and a single orbit specific rate coefficient, the sum of the heavy ion and proton rate coefficients.
FOM was introduced in 1983 as a useful parameter for describing part upset sensitivity and for approximating upset rates in geosynchronous orbit [21] . FOM for heavy ions is defined as:
where σ HL is the limiting heavy ion cross section per bit at large LET and L 0.25 is the LET at 25% of the limiting cross section, calculated as follows:
Since it is common to describe the heavy ion cross section curve using the cumulative Weibull distribution, the calculation of FOM will implement the same parameters, and the calculation result is presented in Table 3 .
Protons figure of merit
E.L Petersen [21] realised that there is a simple relationship between the limiting proton cross section ðσ PL Þ and the FOM for parts, for which both proton and heavy ion data are available. In that case, FOM can be determined directly from the limiting proton cross section as follows:
Rates
The upset rate R in a particular orbit is calculated by introducing an orbit specific rate coefficient C with units of (upsets/bit-day), which stands as follows:
Orbit specific rate coefficient
If we define CO as the rate coefficient with 100 mils of shielding [21] , a very approximate equation for the change of the rate coefficient with depth is:
where n is the shielding thickness in mils and according to E.C Smith [22] , typical satellite shielding corresponds to 0.3 inch to 1 inch of Al. The accompanying rate factors would be 75% to 50% of CO. According to Fig. 9 , the best fitted parameter CO given in upsets/bit-day for JEM-EUSO instrument are CO¼10 for heavy ions and CO¼100 for protons. Since electronics equipment has a shielding of 3 mm (118.11 mils) C ¼10.7 for heavy ions and C ¼107 for protons are obtained.
PMT reliability concerning SET

Rates calculation
Previously, in the calculation of SET cross-section (Fig. 8) , the parameters considered were those corresponding to the ones Table 3 Event cross section parameters for a particular LET [19] .
Parameter
Description Value estimated by Petersen [19] , considering PMTs as Bulk CMOS devices. These parameters have also been used to estimate protons and heavy ions SETs, which are shown below in Table 4 . The estimation of SETs caused by heavy ions and protons using the methods and models explained before by Equation (16) , are summarized in Table 5 . To find the Rate (number of events) per year, it is necessary to multiply the result of Equation (16) This radiation hardness assurance aims to encompass the possible behaviour of the JEM-EUSO PMTs. However, considering that these components have a constant failure during the mission in case of single event effects, the best characteristic failure distribution is an exponential. The values obtained from this estimation, considering the rates for heavy ions and protons, are shown in Fig. 10 .
In case of heavy ions, the reliability is around 99.98% during 5 years of operation and 99.7% in case of protons. These results mean that the probability of being affected by a SET is in either of these two types minimal, which also highlights the good performance of the PMTs under the influence of SETs.
However, the combination of the affected population of PMTs by different types of SETs reveals a reliability of 99.68%, which corresponds to around 16 PMTs failures during the JEM-EUSO mission time.
As a result of the previous study, we can state that only a small fraction of PMTs is lost due to SETs. In fact, we calculated the number of failing PMTs to be around 14.79 for protons, 1 for heavy ions and 16 for the combination of both populations. Furthermore, we estimated the probability distribution of the number of failing PMTs after five years. We assumed this function to be a Poissonian. The results are shown below in Figs. 11 and 12. As can be seen, the effect of SET radiation on the JEM-EUSO PMT reliability can be neglected.
Finally, Fig. 13 , shows that the total number of PMT losses associated with SET radiation is less than 25 PMTs during the five year operation of the JEM-EUSO mission. The critical loss threshold of PMTs is not reached, thus demonstrating the quality of PMTs and therefore ensuring the success of the mission.
Photomultiplier tubes performance degradation
PMTs "browning" of the glass window
Among the effects that can degrade the performance of a PMT, in space the most relevant is background radiation. This type of radiation can darken the glass of a PMT reducing its light transmission 10.7 upsets-bit/day 107 upsets-bit/day Table 5 SET Rates [19] .
SET Type Rate value per year
Heavy Ion 60.7 Â 10
Proton 607 Â 10
Fig . 10 . Reliability of JEM-EUSO PMTs vs time, whose value reflects the "abscence" of SETs events in the LEO orbit where JEM-EUSO is going to be placed. capacity, which directly reduces the PMT quantum efficiency. Since JEM-EUSO is a space telescope aboard the ISS, such effects directly affect measurements of fluorescence radiation, Cherenkov, Transient Luminous Events (TLE) such as Elves, Sprites, Lightning and finally others associated with light pollution due to the cities, Moonlight and Sidereal light. In terms of reliability of the electronic components, as well as in case of the PMTs, the maximum allowed value of loss (loss threshold) is approximately 10%, i.e., if JEM-EUSO has around 5000 PMTs in the focal surface, we can assume as tolerable value a loss of 500 PMTs. Therefore, if loss threshold value previously stated is expressed in Quantum Efficiency (QE) degradation, which is initially 20% for JEM-EUSO PMTs, a maximum reduction of 10% of this value could be accepted. Since the QE is linearly associated with the absorption of photons in the PMT, where the UV crystal designed for JEM-EUSO has an initial transmittance of 90%, we can consider as a failure if the transmittance of crystals is reduced in 10%.
The JEM-EUSO observation principle affects directly the performance of the PMTs since ultraviolet radiation as ionizing causes darkening in the PMT window glass as stated previously.
To estimate the degradation of the entrance window, it is necessary to evaluate the probability of interaction of UV photons with the PMT glass [23] . The probabilty of interaction of an UV photon in the PMT glass can be expressed as follows
where μ ¼ 10
À 1 is the photoelectric mass attenuation coefficient and x ¼0.08 cm is the thickness of the PMT input window.
An estimation of the UV photon flux from different sources is needed in order to calculate its effect on the PMT window transmittance at the time the PMT is opperational.
UV photon flux absorbed by PMTs
The average background of UV photons in the 300-430 nm range reaching the focal surface of JEM-EUSO after filter has been evaluated by J.H Adams et al. [1] . The Average background flux value obtained of ϕ γ UV ;bk ¼ 550 m wavelength of 300-400 nm and a duration of between 1-123 ms at altitudes above 50 km. However, because this study aims to consider the most critical effects we have to take into account all events having a release of 10 26 ph/event in order to not understimate the photon flux. Therefore, the photon flux received by the focal surface is of 2.5 Â 10 14 ph/event.
Taking into account that the minimum observational area of JEM-EUSO is 140000 km 2 , and the average rate of occurrence of these transient events is 6 Â 10 À 4 events/km 2 hr, the average number of events per hour affecting the focal surface is 84. In other words, the total flux of photons per second reaching the focal surface of the telescope due to the occurrence of these transient events, is ϕ Tel TLE C 6 Â 10 12 ph=s.
In order to determine the total contribution of luminous events in the darkening of the glass of the PMTs, the radiation values of TLE, Moon light, lights from the cities, lightening were taken into account.
Their total contribution will be equal to the sum of the fluence of photons per second reaching the focal surface, which have already been determined. Hence, a total flux is obtained ϕ Tel TLE;bk $ 10 13 ph=s.
However the total number of photons arriving to the surface, is affected by the losses associated to the JEM-EUSO optics, which consists of three Fresnel lenses whose efficiency is lower than 60% when the angle of incidence is 01, the angle at which the maximum concentration of photons reach the center of the focal surface. Because this study includes the reliability analysis of all PMTs on the focal surface, we will take this value as a reference, to estimate the overall degree of damage to the entire surface. This value of efficiency can be seen in the Fig. 14 .
Hence, considering photon losses in the lenses, the value of the total flux reaching the focal surface is ϕ Therefore, the rate of γ UV accumulated in the PMT glass will be estimated as:
Hence, the total deposition energy rate per year in the glass of the PMTs, E PMTs glass , is 2 Â 10 À 8 J=yr taking into account the glass density of 2.203 g cm À 3 and a volume of 4:232 Â 10 2 mm 3 . This yields an equivalent radiation dose D TLE;bk $ 1 mrad=yr.
In conclusion, in terms of UV radiation, the performance of the PMTs is not degraded, since the dose received is negligible compared with the effects of particle radiation of 100 rad/yr for the ISS orbit. It does not affect anyway the PMT QE since the browning effect is absolutely negligible.
Total transmittance degradation
Optical materials may darken when exposed to ionizing radiation. This darkening is attributed to electrons (or holes) that are trapped in inherent defect sites and also to the creation of new defect sites by the ionizing radiation [26] . The window transmittance has been modeled as follows:
where T is the transmission at wavelength λ through an optical path length x of material that has received an accumulated radiation dose D, T 0 is the transmission before irradiation (0.9) [27] and α D is the radiation induced absorption coefficient.
In Section 3.1, the estimation of the dose rate received by JEM-EUSO was assumed to be of 100 rad/year. As the radiation dose from UV photons is negligible, though will contribute to the browning of the PMT glass window.
Irradiating the UV glass of the PMTs windows with a 60 Co gamma rays source, Hamamatsu determined the effect of the different radiation levels (R) on the transmittance of the UV glass windows of their manufactured PMTs. This measurement was performed for a wide wavelength range. The result of this evaluation can be seen in Fig. 15 . Selecting data for 300 nm shown in Table 6 , an exponential function
has been fitted to data in order to obtain the dependence of UV glass trasmittance on radiation dose. T 0 has been fixed to the transmittance of the non irradiated UV glass (T 0 ¼0.9) and a value of α¼2 Â 10 À 7 rad À 1 has been obtained (Fig. 16 ).
Making use of Equation (21) and introducing the radiation dependence on time R ¼ D y [rad/yr] t [yr] we can obtain the dependence of the PMT glass transmittance on time as follows:
Fig . 17 shows the degradation of the PMT glass transmittance for the JEM EUSO experiment versus time. Analyzing the obtained results, it is possible to conclude that, due to the lower value of the reduction of the transmittance of the UV glass window of MAPMT designed for JEM-EUSO, the degradation of the transmittance caused by TIDs in the glass is absolutely negligible.
Conclusions
As for any Space mission, the evaluation of the reliability of the JEM-EUSO instrument is one of the main requirements to ensure mission success. Among the JEM-EUSO components, one of the most critical is the PMTa on the telescope focal surface. PMTs are sensitive parts of the instrument with limited useful life that may be affected by radiation and light detection as well as normal operation that causes aging of the PMT with sensitivity loss.
The reliability of a PMT is closely related to the exposure it may have to TID, SET, background, city light, atmospheric transients, and ionizing radiation. Calculation of reliability and radiation hardness assurance of PMTs accounting for these effects has been developed in this work. The technique introduces a model which estimates the effects of the accumulation of TIDs and SETs in the PMTs during the time in which they are operating in Space.
The contribution to failure due to lighting has been carefully evaluated. We infer that the combined effects of background and TLEs has a negligible contribution to the TID and SETs. In the worst case the contribution amounts to less than 0.2%.
It is also important to note that JEM-EUSO is provided with a GPS system that allows switching off the instrument in case where city light pollution is excessive. JEM-EUSO will also have an automatic shutdown system in case of excessive brightness events, as big storms with high lightning ocurrence or Moonlight reflection on sea water.
Even though the principle of operation of the PMTs is not similar to that of a semiconductor-based electronic equipment, its main components are made of similar materials and its operation is that of a linear circuit. We therefore considered the application of TID evaluation in order to analyze the radiation hardness assurance of the element.
The result of this study, which takes into account the values produced by the model based on the TID, as well as the darkening of the glass, shows similar values in terms of degradation or aging. As a preliminary result, we can say that the TID model developed here for PMTs is "validated". In other words, the TID model can give us a realistic approach to assess possible radiation effects on these components.
Finally, according to this study, the PMTs designed for the JEM-EUSO instrument are highly reliable. The transmittance of the glass of the PMTs during the 5-year duration of the mission is greater than 99.98%, thereby maintaining a quantum efficiency of 20% (as desired).
